Purpose: To investigate the influence of food-simulating agents on the shear bond strength between direct hard liners and denture base acrylic resin. In addition, mode of failure was evaluated. Materials and Methods: One hundred fifty cylindrical columns of denture base resin were fabricated and bonded to three types of hard reline materials (Hard GC Reline, Tokuyama Rebase II Fast, TDV Cold Liner Rebase). Specimens of each reline material were divided into five groups (n = 10) to undergo 12-day immersion in distilled water, 0.02 N citric acid aqueous solution, heptane, and 40% ethanol/water solution at 37°C. The control group was not immersed in any solution. The shear bond strength test was performed, and the failure mode was determined. Statistics were analyzed with two-way ANOVA and chi-square test (α = 0.05). Results: Significant interaction was found between the hard liners and food simulating agents (p < 0.001). The shear bond strength of Tokuyama in 40% ethanol and TDV in heptane decreased significantly (p = 0.001, p < 0.001 respectively); however, none of the solutions could significantly affect the shear bond strength of Hard GC Reline (p = 0.208). The mixed failure mode occurred more frequently in Hard GC Reline compared with the other liners (p < 0.001) and was predominant in specimens with higher bond strength values (p = 0.012). Conclusions: Food simulating agents did not adversely affect the shear bond strength of Hard GC Reline; however, ethanol and heptane decreased the bond strength of Tokuyama and TDV, respectively. These findings may provide support to dentists to recommend restricted consumption of some foods and beverages for patients who have to use dentures relined with certain hard liners.
A relined denture is a bi-material composite laminate structure with an interface between the two. 6, 7 The bond strength between the denture base and reline material is important. A weak bond is likely to cause bacterial accumulation, staining, compromised oral hygiene, and detachment of reline material. Moreover, the bond strength affects the overall strength of the relined denture base. 1, 8, 9 Diffusion of reline monomers into the denture base polymer and formation of the interpenetrating polymer networks (IPN) bonds two layers of materials. Therefore, the bond strength depends on the chemical composition of the denture base resin and reline material. [9] [10] [11] Recent reline resins contain methacrylate monomers with comparatively higher molecular weight than methyl methacrylate. It affects the penetration depth of monomer from reline material into the denture base and could compromise the bond strength. 9, 12, 13 Interaction of dental restorations with food, saliva, and beverages results in degradation and aging of the restorative material in the oral cavity. 14, 15 Moreover, food-simulating agents can affect the mechanical properties of denture base resin. 16 The effect of food agents on mechanical and physical properties of dental materials is an important issue for clinical use. Therefore, several studies have been conducted regarding the effect of food-simulating solutions on resin composites, glass-ionomer restorative cements, and provisional restorative materials. [17] [18] [19] However, to date, no research has investigated the effect of food-simulating agents on the bond strength between the hard direct liners and denture base resin. This study aimed to assess the effect of food-simulating agents on the shear bond strength of three commercially available denture relining materials to a e357 heat-cured denture base acrylic resin. The null hypothesis was that food-simulating liquids could not affect the bond strength between hard liner and denture base.
Materials and methods
Three hard reline resins and a heat-polymerized denture base resin were used. The products brands, polymerization types, powder/liquid proportions, chemical compositions, manufacturers, batch numbers, and polymerization cycles are summarized in Table 1 .
To prepare 150 cylindrical acrylic heat-cured specimens, the molds were made by investing brass dies (10 mm in height, 8 mm diameter) in hard silicone rubber (Coltene Speedex Putty; Coltene AG, Altstatten, Switzerland). The silicone was supported by dental stone type IV. Silicone putty was used to facilitate the removal of metal dies and processed specimens from the flasks. After setting of the dental stone, the flasks were opened, and the metal dies were removed from the putty. Acrylic resin (Meliodent) was prepared and packed into the molds. The specimens were heat-cured in water bath according to the manufacturer's instructions. Then, they were extracted from the flasks, the flashes were trimmed, the accuracy of the dimensions was verified, and defective specimens were discarded. The rest were stored in distilled water at 37 ± 1°C for 50 ± 2 hours. After that, the bonding surfaces of the specimens were polished with 240-grit silicon carbide paper to simulate the clinical relief and remove surface irregularities of the denture base. The 240-grit silicon carbide paper has been used for surface preparation in previous studies on the bond strength between hard liners and denture base resin. [20] [21] [22] Then the specimens were rinsed with detergent and water, and dried with paper towel.
The specimens were divided into three groups (n = 50) based on the relining material to which the denture base was bonded. Accordingly, the denture base resin was bonded to Hard GC Reline in group 1, Tokuyama Rebase II Fast in group 2, and TDV Cold Liner Rebase in group 3. The surface of each denture base specimen was treated according to the instructions available in the hard liner kit. For Hard GC Reline, the bonding was applied and air dried for 10 seconds. For Tokuyama Rebase II Fast, the adhesive was applied in a single layer and left for 20 seconds. The TDV Cold Liner Rebase kit contained no adhesive. For standardization of the size and location of the reline material on denture base resin, masking tape with a central hole (5 mm diameter) was placed on the treated surface. A plastic tube (4 mm internal diameter, 5 mm height) was placed on the hole of masking tape. The reline materials were prepared according to the manufacturers' instructions and inserted into the plastic tube.
When the reline material was polymerized, the plastic tube was cut and removed with a blade. For Tokuyama Rebase II Fast, the hardener solution was prepared according to the manufacturer's instructions, and the specimens were immersed in the prepared solution for 4 minutes. For TDV Cold Liner Rebase, two layers of the glaze (available in the kit) were applied over the reline material. Each group was divided into 5 subgroups (n = 10 per each subgroup). The sample size was determined on the basis of similar previous studies. 16, 23 The specimens in group I (control group) were not stored in any solution to be considered as the baseline measurement. Specimens in groups II, III, IV, and V were stored in distilled water, 0.02 N citric acid aqueous solution, heptane, and 40% ethanol/water solution, respectively. Table 2 lists the food-simulating liquids used in this study. All the solutions were exchanged daily, and the immersion process was performed at 37°C for 12 days. It is estimated that a regular drinker consumes 3.2 doses daily, each of which lasts for 15 minutes. Thus, a 12-day storage time could represent 1 year of consumption. 24 At the end of the immersion period, the specimens were dried. To facilitate holding the specimens with a testing machine, each specimen was mounted in a selfcured resin cubic box.
The shear bond strength was tested with a 1 mm/min crosshead speed using a universal testing machine (ZwickRoell Z020; Zwick GmbH, Ulm, Germany) until fracture occurred ( Figure 1 ). The bond strength was determined in MPa by dividing the load to the cross sectional area of adhesion.
The detached surface of the denture base was meticulously inspected using a stereomicroscope (Bestscope BS-3060; Best Scope, Beijing, China) at 40× magnification to determine the failure mode. The failure mode was classified into three categories: cohesive, adhesive, and mixed mode. Failure occurring within the reline material or denture base was considered as cohesive. Fracture at the interface was considered as adhesive, and a mixture of the two types was regarded as mixed failure.
Data were analyzed using two-way ANOVA and Tukey's HSD post hoc to compare the bond strength between the groups. Chi-square test was performed to analyze the failure mode, and T-test was used to determine any correlation between the bond strength values and failure mode. All data were analyzed at a significance level of 0.05.
Results
The mean and standard deviation of the shear bond strength values and p-values are listed in Table 3 and depicted in Figure 2 . The two-way ANOVA revealed significant interaction between the type of hard liners and conditioning solutions. Therefore, a subgroup analysis was performed based on Tukey's test and one-way ANOVA.
In control, alcohol, and citric acid conditioning solutions, Hard GC Reline had higher bond strength values compared with TDV and Tokuyama; however, the difference between TDV and Tokuyama was not significant. In distilled water, Tokuyama and Hard GC Reline had higher values than TDV; the difference between Tokuyama and Hard GC Reline was not significant. In heptane groups, the bond strength of Hard GC Reline was significantly higher than that of TDV and Tokuyama, and Tokuyama had higher bond strength than TDV. The bond strength of Tokuyama Rebase II Fast to the denture base (Meliodent) after immersion in alcohol was significantly lower than other subgroups of this reline material. Also a reduction in bond strength values was observed in TDV Cold Liner Rebase after being conditioned in heptane compared to other subgroups of this liner. In comparison to the control group, the conditioning solutions did not significantly change the bond strength of Hard GC Reline to the denture base. The failure modes observed in the fracture site are demonstrated in Table 4 . The results of chi-square test indicated that regardless of the conditioning solution, mixed mode failure was the most frequent in Hard GC Reline (p < 0.001). Meanwhile, regardless of the type of hard liner, adhesive failure mode was the most prevalent in control groups, followed by water groups, and then citric acid, ethanol, and heptane groups (p = 0.006). T-test revealed higher mean bond strength in specimens with mixed failure mode than in specimens with adhesive failure mode (p = 0.012).
Discussion
This study aimed to evaluate the effect of food-simulating agents on the bond strength between hard denture reline materials and the denture base resin. The findings rejected the null hypothesis through revealing a significant interaction between the hard liners and food-simulating solutions.
The adhesion mechanism of hard reline materials to the denture base is through formation of a swollen layer by monomer, penetration of monomer into the swollen layer, polymerization, and formation of an interpenetrating polymer network. 25 Adequate bond between the hard liner and denture base resin is crucial to prevent bacterial proliferation at the interface of the two materials, delamination of the liner, and staining. 1, 2, 10, 26 One of the major factors causing aging and degradation of dental restorations is exposure to chemical components found in foods and beverages. 14, 15 The exposure can occur continuously or intermittently. Continuous exposure happens when the chemical constituents are absorbed by the denture calculus, attached debris, and food particles, or may be produced by bacterial decomposition of food debris. Intermittent exposure occurs during eating or drinking until the material is eliminated from the oral environment by cleaning the teeth and dentures. 19, 27 The food-simulating liquids used in this study were selected according to Food and Drug Administration (FDA) guidelines. 28 Distilled water mimics saliva and a wet oral condition. Heptane simulates meat and vegetable oils. Citric acid and ethanol simulate many kinds of beverages. There is no general agreement about the method of measuring bond strength between hard liners and denture base resin. 29, 30 The shear test was used in this study because it directly applies the force to the reline denture base adhesion site.
According to the results of this study, Hard GC Reline had the highest mean bond strength values in all five of the conditioning solutions. In agreement with our results, in Mutluay et al's study, 30 Hard GC Reline showed high mean bond strength because the liner has MMA and HEMA in its bonding agent, which can penetrate properly in the denture base and have good swelling properties. The different bond strength among the tested hard liners in different conditioning solutions was due to the material characteristics such as chemical composition and ability to humidify the surface of denture base resin. 31 Previous studies stated that the bond strength between the denture liner and denture base depended on the chemical composition of denture liner and the bonding or adhesive agents. 1, 9, 30 Moreover, the kit of TDV Cold Liner Rebase contained no bonding agent, contrary to the other two tested liners, which might be another reason TDV Cold Liner Rebase showed lower mean bond strength values.
Craig and Gibbons 32 and Khan et al 33 stated that 0.45 MPa is an adequate bond strength value for an optimal adhesion between resilient liners and denture base; however, Kawano et al 34 stated that for all the materials tested, the failure force was at least 0.96 MPa. Comparing the results of this study with the above-mentioned studies, all of the bond strength values of the control and test groups were found to be adequate for clinical use.
Immersion in alcohol solution decreased the bond strength of Tokuyama Rebase II Fast. Yap et al 18 stated that all provisional materials tested were prone to be softened by ethanol solution. The destructive effect of alcohol was due to the softening effect of the polymeric matrix.
18, 35 Lee et al 18 stated that, compared with water, ethanol had greater permeability into the composite due to its chemical characteristics. Ethanol molecules can easily diffuse into the resin matrix and cause swelling. 36 Moreover, the air voids in the resin accelerate the penetration of fluid through the material and thus enhance the swelling and dissolution. 37 Ethanol might reduce the longevity of a denture through two mechanisms: first, creating stress crazing at highly loaded areas of the denture and consequently decreasing the strength of the denture base, and, second, through the corrosive effect of alcohol on the denture surface, which might accelerate the fatigue fractures. 18 However, except for Tokuyama Rebase II Fast, alcohol did not have any adverse effect on the bond strength of the two other liners.
Conditioning the TDV specimens in heptane reduced the bond strength compared with other subgroups of this liner. As with ethanol, heptane is an organic solvent and can damage the polymeric network. 19 Heptane easily diffuses into the resin matrix 17 and it has a plasticizing effect. 39 Yap et al 18 stated that conditioning in heptane had a softening effect on methyl methacrylate and urethane dimethacrylate-based interim prostheses.
Citric acid had no significant effect on the bond strength of the three types of liners. In agreement with this study, Yesilyurt et al 19 declared that storage in citric acid did not affect the hardness and flexural strength of any of the tested composite resins. Citric acid is a weak acid with low acidic concentration. The destructive effects of acids depend on their pH and hydrogen ion concentration. Therefore, its low deteriorative effect on bond strength was expected. 19 According to Azevedo et al, 18 90 days of water immersion increased the bond strength between denture base and Tokuso Rebase Fast and Ufi Gel Hard, but the bond strength remained unaffected for New Truliner and Kooliner. Cucci et al 4 stated that 30-day immersion in water reduced the bond strength between Duraliner II and denture base, but had no statistically significant effect on the Kooliner bond strength; however, according to the results of this study, immersion in water did not significantly affect the bond strength compared to control groups in the three tested liners. Water molecules diffuse between the polymeric chains of both denture base and reline material, decrease the bond between these chains, and consequently reduce the bond between the denture base and liner. 40 However, adding cross-linking agents to hard liners reduces the water sorption. 10, 41 Moreover, continuous polymerization with time and using residual monomer compensate for the weakening effect of absorbed water molecules. 26 Khaledi et al 42 assessed the effect of food-simulating agents on hardness of a soft liner and its tensile bond strength to denture base resin and stated that all of the food simulating agents (water, ethanol, heptane, and citric acid) increased hardness of the soft liner and decreased the bond strength. These findings may provide support to dentists to recommend restricted consumption of some foods and beverages for patients who have to use dentures relined with certain liners for an extensive period of time.
The bond strength between Hard GC Reline and denture base was not affected by immersion in food-simulating liquids. It can be concluded that there was a relatively stable bond between Hard GC Reline and denture base acrylic resin. This result was in agreement with the predominant mixed failure mode of Hard GC Reline. This study revealed that the effect of food-simulating agents on the bond strength between the hard direct liners and denture base was material-dependent due to the different chemical composition of hard liners. The presence of cross linking agent 1,6-hexanediol dimethacrylate in Hard GC Reline may organize a polymeric structure that does not easily swell by the solvent, reduce the diffusion of solvents into the material, and thus, decrease the subsequent damage to the bonding site. 41 According to the results of Chi-square test, adhesive failure mode was most predominant in Tokuyama Rebase II Fast, followed by TDV and then Hard GC Reline. In agreement with Hasan, 43 significant correlation was observed between the adhesive failure mode and lower values of bond strength.
The limitations of this study were considered as follows: only three types of denture liners and one type of denture base resin were evaluated. Moreover, factors such as saliva, thermal cycling, solution temperature, and masticatory force should also be considered. Future studies are recommended to simulate the oral condition through cyclic loading and thermal cycling. The immersion period should be longer to simulate long-term application. Moreover, the effect of food-simulating agents on other physical and mechanical properties of hard liners should be investigated.
Conclusions
While considering the limitations of the current study, the following conclusions may be drawn:
1. Immersion in alcohol decreased the bond strength between Tokuyama Rebase II Fast and denture base. 2. Immersion in heptane decreased the bond strength between TDV Cold Liner Rebase and denture base.
3. None of the conditioning solutions could significantly alter the bond strength between Hard GC Reline and denture base resin. 4. The mean bond strength of specimens with mixed failure mode was higher than those with adhesive failure mode. 5. Clinicians should inform their patients of the possible adverse effects of certain foods and beverages on the longevity of the dentures relined with certain liners.
